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Two well characterized photosensitizers, namely, 4-m-methoxy-p-hydroxy benzylidene-2-m-methoxy-
p-hydroxystyryl-1-phenyl-2-imidazolin-5-one (subsequently referred to as 2-imidazolin-5-one) and
Rose Bengal, have been used together to sensitize sprayed ZnO thin film electrodes in aqueous and
acetonitrile media. Through current-potential curves and action spectra (iphoto/4), it has been con-
firmed that both dyes, when present together, contribute additively to the sensitized photocurrent.
The quantum efficiencies of the dye-sensitized photocurrent at 480 and 555 nm wavelengths (Aya, of
2-imidazolin-5-one and Rose Bengal, respectively) were found to be 3.5 and 4.4%, respectively, in
aqueous solution, while in acetonitrile medium the corresponding values were 4 and 6.5%.
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1. Introduction

During the last two decades, there have been exten-
sive studies of dye-sensitized photoelectrochemical
cells and a variety of photosensitizers has been tested
[1-11]. However, in most investigations, the dyes
were used individually and very little attention has
been directed towards the use of binary mixture of
dyes [12-15] for sensitizing the semiconductor elec-
trodes. An effort has been made in the present work
to sensitize sprayed ZnO semiconductor electrodes
using a binary mixture of 2-imidazolin-5-one (a syn-
thetic compound [16]) and Rose Bengal, which have
absorption peaks at wavelengths of 480 and 555 nm,
respectively, with the objective of utilizing the larger
fraction of the solar radiation for conversion to
electrical energy.

2. Experimental details
2.1. Materials

Thin films of ZnO were prepared by spraying 0.1 M
aqueous solution of Zn(NOs), (A.R. grade, E. Me-
rck, India) on ultrasonically cleaned nonconducting
glass substrate maintained at 400°C using a ther-
mostatically controlled vertical furnace. These films
(~5 um thick) were subsequently annealed in hydro-
gen atmosphere for about 1h at 400 °C.

To make electrical contact to the films the exposed
tip of an insulated copper wire was attached to the
surface of the film using silver paste (Elteck Corpo-
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ration, India). The occluded solvent in the silver paste
was removed by drying in air. The silver was covered
with an insulating resin (Araldite) and finally dried in
air.

Double distilled water was used as solvent for
studies carried out in aqueous medium. Acetonitrile
(Qualigens, HPLC grade) was purified as described
earlier [17]. Anhydrous sodium perchlorate (Purum
Fluka), as-received, was used as supporting electro-
lyte. One of the dyes, 2-imidazolin-5-one (Fig. 1), was
synthesized in house [18]. The other test sensitizer,
Rose Bengal (Romali, USA), was used as received.
Hydroquinone (H,Q) obtained from BDH (India)
was used as supersensitizer.

2-Imidazolin-5-one is insoluble in water. Thus,
when a ZnO clectrode was to be sensitized using this
dye and studied in aqueous solution, the dye was
adsorbed from a 107> M solution in acetonitrile. The
ZnO electrode was kept immersed in the dye solution
for 1 h. The dye coated ZnO electrode was then used
in aqueous electrolyte solution containing hydroqui-
none (0.01 M) and NaClOy4 (0.1 m). The pH of this
aqueous electrolyte solution was found to be 6.1.

To study the sensitization of a ZnO electrode by
both dyes simultaneously in aqueous electrolyte, first
2-imidazolin-5-one was adsorbed on the ZnO elec-
trode as described above, and the dye coated elec-
trode was immersed in aqueous electrolyte solution
containing Rose Bengal (107> ) (in addition to H,Q
(0.01 M) and NaClOy (0.1 m)) and left for an hour in
order that Rose Bengal became adsorbed on the
electrode. When acetonitrile was used as the medium
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Fig. 1. The structural formulae of the dyes. 1: 4-m-methoxy-p-
hydroxybenzylidene-2-m-methoxy-p-hydroxystyryl-1-phenyl-2-imi-
dazolin-5-one, and 2: Rose Bengal.

of investigation and the ZnO electrode was sensitized
by both dyes together, initially 2-imidazolin-5-one
(107> M) was dissolved in the electrolyte (0.1 M Na-
ClO4 + 0.01 M H,Q in ACN), the ZnO electrode was
immersed in it and the adsorption of dye was allowed
to take place for an hour. Then Rose Bengal (107> M)
was added to the electrolyte and the electrode was
kept immersed for a further hour for the adsorption
of Rose Bengal before the experiments were per-
formed. It must be emphasized that this particular
sequence of adsorption of dyes is essential because 2-
imidazolin-5-one is adsorbed slowly and to a lesser
extent as compared to Rose Bengal. Thus, if these
dyes are taken together in the electrolyte and simul-
taneous adsorption is allowed to take place, Rose
Bengal is adsorbed preferentially and almost exclu-
sively, leaving behind 2-imidazolin-5-one in the
solution.

2.2. Apparatus and instruments

A three-electrode single compartment cell containing
an optically flat quartz window was used for all the
experiments. For the photoelectrochemical studies, n-
ZnO thin film was used as the working electrode and
a spiral platinum wire as the counter electrode. All
potentials were measured with respect to a reference
sodium chloride saturated calomel electrode (SSCE
(aq.)), separated from the cell electrolyte by a Luggin
capillary agar salt (NaCl) bridge. A carbon counter
electrode, obtained from a Novino dry cell, was used
to determine the power output efficiency of the cell.

A bipotentiostat (Pine Instruments Co., USA),
along with a Houston model 2000 X-Y1-Y2 re-
corder, was used for the current—potential measure-
ments. A 150 W Xenon arc lamp (Oriel, USA) served
as the light source and for monochromatic light a
grating monochromator (model 77250, Oriel, USA)

was used. The i.r. part of the source light was filtered
using a 6in. long water column in its path and this
i.r.-filtered light is referred to as ‘white light’. The u.v.
part of the white light was filtered, using a long pass
filter (model 51280, Oriel, USA) and the resulting
light (4 > 420nm) is referred to as ‘filtered visible
light’. For the measurement of light intensities, a
digital photometer (model J16 with model J6502
sensor, Tektronix) was used in combination with
neutral density filters (model 50490-50570, Oriel,
USA). The absorption spectra of these dyes were
recorded on the Cary 2390 spectrophotometer (Var-
ian).

3. Results and discussion
3.1. Absorption spectra of the dyes

Curves (a) and (b) shown in Fig. 2(A) represent the
absorption spectra of 2-imidazolin-5-one (107> M)
and Rose Bengal (107> M), respectively, dissolved in
acetonitrile solvent while curve (c) is the same for the
equimolar (0.5 x 107> M) mixture of both compounds
dissolved in the same solvent. As 2-imidazolin-5-one
is insoluble in water, the absorption spectrum of this
dye alone or mixed with Rose Bengal could not be
taken in aqueous solution. However, the absorption
spectrum of Rose Bengal in aqueous solution (107> m)
is shown in Fig. 2(B).

3.2. Photovoltage under open circuit condition

Open circuit potential-time (V,./t) curves for dyes
sensitized ZnO electrodes in aqueous and ACN
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Fig. 2. (A) Absorption spectra of (a) 2-imidazolin-5-one (107> m),
(b) Rose Bengal (107> M), and (c) equimolar mixture of both the
dyes (0.5 x 107> M each in the solution) in acetonitrile medium. (B)
Absorption spectrum of 107> M aqueous solution of Rose Bengal.
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solutions were recorded under illumination of three
different kinds of light. Starting with steady state
open circuit potential in dark, when ZnO electrodes
were illuminated with filtered visible light (4 >
420nm, hv < E,), a substantial part of the steady
photovoltage (—-0.075V in aqueous electrolyte and
—0.160V in ACN solution) was built up quickly
(Fig. 3(A)). On excitation of the electrode with light
of 480 nm wavelength (A, for 2-imidazolin-5-one),
—0.018 and —0.014V photovoltages were developed
in aqueous and ACN solutions, respectively
(Fig. 3(B)). When monochromatic light of wave-
length 555nm (4. of Rose Bengal) was used for
illumination, the same electrode gave —0.007 and
—0.014 V photovoltages in aqueous and ACN solu-
tions, respectively (Fig. 3(C)). These photovoltages
obtained on illumination by monochromatic light of
subband gap energies can be ascribed fully to the
electron injection into the conduction band of the
semiconductor by the excited dye molecules.
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Fig. 3. Open circuit potential-time curves for sprayed #-ZnO thin
film electrode in aqueous (curve (a)) and acetonitrile (curve (b))
solutions under illumination with (A) visible light (4 > 420 nm),
and (B, C) monochromatic lights. 4 = 480 nm and 555nm for (B)
and (C), respectively. Solutions: (i) in H>O (curve (a)) : 0.1 M Na-
ClO4 + 0.01m H,Q + 107°m Rose Bengal. (2-imidazolin-5-one
being insoluble in H,O, was not taken in the solution though it was
adsorbed on ZnO electrode from acetonitrile solution); (ii) in ACN
(curve (b)): same as above + 107>m 2-imidazolin-5-one. Light
intensities: (A) 4630 Wm™2 in both H,O and ACN media; (B)
1.21Wm™ in H,O and 0.68Wm™ in ACN; (C) 0.28 Wm™2 in
both H,O and ACN.

Further it is noticed that the rise of photopotential
on illumination and its decay on switching off the
light, occurs at a faster rate in aqueous solution than
in ACN. Although the fast rise in photovoltage is
desirable, its faster decay in aqueous solution indi-
cates faster recombination of dye molecules in this
medium.

3.3. Current—Potential (i/V) characteristics

Current—potential curves for the ZnO electrode ex-
posed to visible light in aqueous and ACN solutions
are shown in Fig. 4. The photocurrent—potential
curves were obtained first in the absence of dyes
(curve (b)), then in the presence of only 2-imidazolin-
5-one (curve (c)), or Rose Bengal (curve (d)), and
finally in the presence of both dyes (curve (¢)). Curve
(a) represents the current—potential characteristic of
the ZnO electrode in the dark condition.

In the aqueous solution (Fig. 4(A)) the magnitude
of the dark current was found to be large (about
0.9 Am™2 at 0.4 V) and increased further with applied
potential without showing any tendency to satura-
tion, while in the ACN solution (curve (a) in
Fig. 4(B)), it was negligible (0.04 Am™ maximum)
and remained almost constant over the whole range

3.0 T T T T T T
[llumination .

(A): In Hp0 medium

=2

m

1.0

Current density /A

(B): In ACN medium

Current density /A m?

Dark

L | | 1 l 1
-0-2 0.0 02 0.4 0.6

Potential /V vs. SSCE

Fig. 4. Current—potential curves for sprayed ZnO thin film elec-
trode determined in aqueous (A) and acetonitrile (B) solutions in
dark (curve (a)) and wunder illumination by visible light
(4 > 420 nm; curves (b), (c), (d), (e)). These curves were obtained
when ZnO electrode was sensitized by none of the dyes (b), by 2-
imidazolin-5-one only (c), by Rose Bengal only (d), and by both
these dyes together (e). Electrolyte: 0.1 m NaClO,4 + 0.01 M H,Q in
all solutions (for dye concentration, refer to the text). Light
intensity 4900 W m™ in all cases.
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of applied potential. The appearance of photocurrent
on illumination of the ZnO electrode (curve (b)) with
light of subband gap energy (hv < E,) in the absence
of dye molecules, is indicative of the presence of
surface states at intermediate energy levels within the
band gap of the semiconductor electrode. The en-
hancement in photocurrent observed in the presence
of both dyes (curve (e)) as compared to that observed
with the use of a single dye (curve (c) and (d)) shows
the additive effect of these dyes on the sensitized
photocurrent. It is also noticed that i/} curves ob-
tained in aqueous solution (Fig. 4(A)) do not show a
tendency to saturation in photocurrent with the ap-
plied potential. In contrast, the photocurrent attains
saturation beyond —0.2V vs SSCE (only at 0.3V
above the onset potential) in ACN solution and hence
it (ACN) is the preferable medium over the aqueous
one.

The flat band potential (V) of the semiconductor
electrode (ZnO) obtained from the onset of photo-
current, is Vg, = —0.30 + 0.01V vs SSCE in aque-
ous solution, and —0.50 + 0.01 V in ACN solution.

3.4. Photocurrent transients
Photocurrent transients measured for the ZnO elec-

trode in electrolyte containing NaClO4 (0.1 M) and
H,Q (0.01 M) were recorded under different condi-

tions keeping the electrode biased at 0.0V vs SSCE
(Fig. 5).

In aqueous solutions under filtered visible light
(A > 420nm) illumination (Fig. 5(A)), curves were
recorded (i) in the absence of dyes (curve (a)), (i) in
the presence of 2-imidazolin-5-one on the electrode
(curve (b)), and (iii) in the presence of both the dyes
(2-imidazolin-5-one and Rose Bengal) on the elec-
trode (curve (c)). On sudden illumination of the
electrode the photocurrent initially overshoots then
decreases and takes about 10-15s to attain a steady
value. The decrease in photocurrent after the initial
spike is probably due to the recombination of dye-
injected electrons and oxidized dye molecules or
surface states acting as electron traps. The decrease in
photocurrent with time may also be the result of slow
regeneration of dye molecules after electron injection.
On interruption of light the current was found to
diminish quickly, but instead of attaining the dark
current, an initial overshooting in the opposite di-
rection was observed before the attainment of the
steady dark current. Such reverse current indicates
the back tunneling of the dye-injected electrons to-
ward the surface of the electrodes and their recom-
bination with the oxidized dye molecules. Similar
behaviour has also been observed with different sys-
tems [19]. Further, when Rose Bengal was used along
with 2-imidazolin-5-one, the photocurrent was
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Fig. 5. Transient current—time curves for dye-sensitized ZnO electrode held at fixed bias potential (0.0V vs SSCE) in aqueous and
acetonitrile solution under illumination with visible light (A, B) and monochromatic light (C, D). In (A, B): (a) without dye, (b) sensitized
by 2-imidazolin-5-one only, (c) sensitized by 2-imidazolin-5-one + Rose Bengal. In (C, D): sensitized by 2-imidazolin-5-one + Rose
Bengal together. Electrolyte: 0.1 M NaClO4 + 0.01 M H,Q in all solutions (for dye concentration, refer to the text). Light intensities: (A, B)

4900 Wm ™% (C) 1.21Wm™2; (D) 0.28Wm ™2
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enhanced (curve (c)) as compared to that observed
with 2-imidazolin-5-one alone (curve (b)), which
provides clear evidence for the additive effect of both
dyes on the sensitized photocurrent. In ACN medium
(Fig. 5(B)) the decrease in photocurrent from its ini-
tial to steady value is comparatively slow compared
to that observed in aqueous medium. Further, when
both the dyes are used, the photocurrent is reduced to
about 40% of its initial value in ACN solution (curve
(c) in Fig. 5(B)) whereas in aqueous solution (curve
(c) in Fig. 5(A)) the photocurrent is reduced to only
55%.

Under monochromatic light irradiation (at
A = 480nm, Fig. 5(C), and 4 = 555nm, Fig. 5(D))
i/t curves determined in ACN solution did not exhibit
any overshoot in photocurrent and the curves were
almost of rectangular shape. This contrasted with the
observation under visible light illumination in the
same solution (curve (c) in Fig. 5(B)). Although the
reason for this difference is not clear, it may be due to
enhanced recombination of injected charge carriers
under high intensity of visible light. In the case of
aqueous solution, however, the nature of the i/t
curves, observed under monochromatic light illumi-
nation (Figs. 5(C) and (D)), was found to be similar
to that observed under visible light (Fig. 5(A)).

3.5. Action spectra (IPCE-1)

The spectral dependence of the photocurrent at the
bare (without dye) and dye-coated electrodes (kept at
a fixed potential of 0.0V vs SSCE) was determined
using aqueous and acetonitrile solutions, and from
the observed photocurrent and corresponding inten-
sity of monochromatic light (used for illumination of
the semiconductor electrode), incident photon-to-
current conversion efficiency (IPCE) was calculated.
The variation of the IPCE as a function of the
wavelength of monochromatic light (4) is shown in
Fig. 6, for a ZnO electrode sensitized by 2-imidazo-
lin-5-one (curve (a)), Rose Bengal (curve (b)), and
both dyes together (curve (c)). The curve (d) is the
same for unsensitized ZnO electrode. The appearance
of two photocurrent maxima at 480 and 555nm in
curve (c¢) provides clear evidence that if the dyes are
used together, they can sensitize the photocurrent
additively.

Here it needs to be pointed out that the absorption
peak of 2-imidazolin-5-one observed at 435nm
wavelength in solution phase (curves (a) and (c) of
Fig. 2) experiences a large (~50nm) red shift and
appears at 480nm in the action spectra (curves (a)
and (c) of Fig. 6). In addition a further peak is ob-
served at 510 nm in the photocurrent spectrum. This
shift in A« of 2-imidazolin-5-one results due to ad-
sorption on the ZnO surface and the probable
mechanism has already been discussed [16].

Further comparison of the action spectrum of the
ZnO electrode coated with Rose Bengal alone (curve
(b) of Fig. 6) with that of the ZnO coated with both
the dyes (curve (c) of Fig. 6) shows that, in both
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Fig. 6. Photocurrent action spectra (IPCE against 1) of sprayed
ZnO thin film electrode (held at 0.0V vs SSCE) in H,O (A) and
ACN (B) media sensitized by 2-imidazolin-5-one (curve (a)), Rose
Bengal (curve (b)), and 2-imidazolin-5-one and Rose Bengal to-
gether (curve (c)). Curve (d) is for bare electrode (without any dye).
(For solution composition, refer to the text.)

cases, the photocurrent peaks due to Rose Bengal are
observed at the same wavelength (555 nm). From this
result it can be inferred that rose bengal adsorbs di-
rectly onto the semiconductor surface, not onto the
first dye, when it is allowed to adsorb on a ZnO
electrode already coated with 2-imidazolin-5-one.

In general, the TPCE values were found to be
higher in ACN solutions (Fig. 6(B)) than those ob-
served in aqueous solutions (Fig. 6(A)). With the use
of both dyes (curve (¢) in both (A) and (B)), IPCE
values for monochromatic lights of 480 and 555nm
wavelengths were found to be 3.5 and 4.4%, respec-
tively, in aqueous solution, while in ACN medium the
corresponding values were 4 and 6.5%.

3.6. Energy level diagram

To present a clear picture of the energetics of the
sensitization of the photocurrent at the ZnO electrode
by dye molecules and the dye regeneration process,
a relative energy level diagram (on the electrochem-
ical scale with respect to SSCE) of the cell compo-
nents (ZnO | 2-imidazolin-5-one, Rose Bengal | redox
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Bengal (both as donor) in ground state (D) and excited state (D¥),
and quinone/hydroquinone (Q/H,Q) redox couple.

reagent) is shown in Fig. 7. Various energy levels of
the cell components required to construct this dia-
gram, such as the flat band potential of the ZnO
electrode = —0.62V vs SSCE and the formal redox
potential of 2-imidazolin-5-one = 1.24V vs SSCE
are taken from earlier work [16]. The formal redox
potential of Rose Bengal, that is, 0.93V vs SSCE, is
also taken from earlier work [20]. The excitation en-
ergies for 2-imidazolin-5-one and Rose Bengal were
taken to be 2.6 and 2.4eV, respectively, based on
their Z,.x values. The redox potential of the redox
reagent hydroquinone is 0.70V [21]. This diagram
clearly indicates that the relative positions of various
energy levels are such that the excited dye molecules
(D*) can easily inject electrons into the conduction
band of #-ZnO and the oxidized dye molecules (D "),
after returning to their ground states, can be reduced
(regenerated to their original form) by hydroquinone
present in the solution. Thus, the feasibility and
sustainability of dye sensitization of photocurrent is
clearly demonstrated.

3.7. Power conversion efficiency and fill factor

The power outputs of the ZnO-based PEC cells sen-
sitized by the dyes together were determined under
illumination with filtered (4 > 420nm) visible light
(Fig. 8(A)) and white light (Fig. 8(B)) using aqueous
(curve (a)) and ACN (curve (b)) media for electrolyte
solutions (0.1m NaClO4 + 0.01m H»Q). These
measurements were made with a two-electrode cell
configuration using carbon as counter electrode. Un-
der filtered visible light (A > 420nm) illumination,
the power conversion efficiency () and the fill factor
(FF) were found to be n = 2.7x107°% and
FF = 0.28 in the case of aqueous solution, and
n = 18x107% and FF = 0.45 in ACN solution.
When white light was used for the illumination, these
parameters were found to be n = 4.1 x 107°% and
FF = 0.18 in aqueous solution, and 5 = 2.1 X
1073% and FF = 0.28 in ACN solution. Thus, power
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Fig. 8. Output current—potential curves for dye-sensitized aqueous
(a) and nonaqueous (b) PEC cells (with carbon counter electrode)
under illumination with visible light (A) and white light (B). So-
lution composition is the same as in case of Fig. 3. Light intensities:
(A) 4620 W m~2 in H,O (curve (a)) and 4650 Wm 2 in ACN (curve
(b)); (B) 5360 Wm™ in H,O (curve (a)) and 5290 Wm™ in ACN
(curve (b)).

conversion efficiencies were higher in aqueous solu-
tion, but fill factors were larger in ACN solutions.

3.8. Long term photocurrent stability

Keeping the dyes-coated ZnO electrode at a fixed
potential and illuminating it continuously with either
filtered visible light or white light, the photocurrent
was monitored as a function of time and the results
are represented in Fig. 9. In the aqueous medium
(curve (a)), on illumination of the ZnO electrode with
white light, the photocurrent decreased for half an
hour and then remained steady for another half an
hour, before decreasing continuously till the end of
7h of the experiment. In ACN solution (curve (b)),
on the other hand, the photocurrent increased for
some time after its initial decrease for half an hour,
but this increasing trend persisted hardly for 1h and
thereafter it decreased continuously before becoming
stable beyond 5.5h. The increase in photocurrent in
the intermediate stage may be attributed to u.v.
photoetching of the ZnO electrode, whereas the de-
crease in photocurrent might have been caused by
various factors, such as photocorrosion of the ZnO
electrode, the presence of surface states at interme-
diate energy levels providing recombination centres,
and the regeneration of the dye molecules being un-
able to compete kinetically with the rate of electron
injection by excited dye molecules to the conduction
band of the semiconductor.

Under visible light illumination (Fig. 9(B)), the
variation in photocurrent with time was found to be
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Fig. 9. Variation of photocurrent with time at fixed bias potential (0.3 V vs SSCE for H,O medium and 0.0 V vs SSCE for ACN medium)
in aqueous (curve (a)) and ACN (curve (b)) media on prolong operation of dye-sensitized ZnO cells under continuous illumination with (A)

white light and (B) visible light (4 > 420nm). Solution composition is the same as in case of Fig. 3. Light intensities: (A) 5560 W m

2in

H,0 and 5290 Wm™2 in ACN; (B) 4640 Wm™ in both H,O and ACN media.

similar in both aqueous and nonaqueous media. The
photocurrent decreased continuously with time,
though the decreasing rate was higher in the initial
4h. In aqueous as well as ACN solutions, the total
current was reduced to about 50% of its initial value
after 7h of continuous operation of the cells. In the
case of aqueous solution, the dark current (curve
(a”)), which was already high, was found to increase
further (from 0.7 to 1.0Am™ in 7h), so that its
contribution toward the total current (obtained under
illuminated condition, curve (a)) increased from 20%
in the beginning to about 80% at the end of 7h. In
contrast, in ACN solution, the dark current (curve
(b")) remained low during the entire duration and its
contribution toward the total current (curve (b)) was
hardly 2.5% initially : this value increased at the end
of 7h, but only to 14%. Based on these experimental
observations it can be concluded that acetonitrile is
more suitable than water for preparing electrolyte
solutions to be used in PEC cells.

4. Conclusions

It can be concluded that if 2-imidazolin-5-one is used
along with Rose Bengal, both dyes sensitize the
photocurrent at a ZnO electrode simultaneously and
the observed photocurrent is almost the sum of their
individual contributions. Acetonitrile was found to

be a more suitable medium than water as electrolyte
solution.
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